Background {#Sec1}
==========

Efficiency in the use of feed resources of growing animals is, by far, the most relevant factor for economic sustainability of animal farming. This is particularly true in pig breeding, for which feeding accounts for up to 68% of total variable costs \[[@CR1]\]. Estimates of economic weights \[[@CR2], [@CR3]\] consistently support the key role of traits that are related to feed efficiency ($\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ from the amount of feed predicted to be required for that animal's biological functions such as maintenance, growth and backfat deposition \[[@CR5]\]. Selection for $\documentclass[12pt]{minimal}
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Statistical models that allow the biological components of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FE}}$$\end{document}$ traits to be disentangled have been proposed \[[@CR9], [@CR10]\] by considering individual variation within the resource allocation pattern of different biological functions such as growth, maintenance, and fat deposition. In this way, animal-specific requirements are considered instead of those that correspond to the average of all animals in a specific contemporary group, as performed in the classical definition of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FE}}$$\end{document}$. This strategy would make it possible to not only reduce the amount of food consumed relative to the animals' requirements but also manage (e.g. reduce or keep constant) feed requirements differently for each biological function.

In pigs, only Martinsen et al. \[[@CR11]\] have implemented these models by considering individual variation in feed allocated for protein and fat deposition. These authors found some relevant genetic variability in these components of global efficiency, but feed requirements for body maintenance were not considered. This biological function is generally defined in relation to the metabolic body weight, i.e. live weight raised to a specific exponent \[[@CR12]\].

The objective of our study was to assess genetic parameters for biological components of FE, including body maintenance, growth and fat deposition needs, and to analyze expected responses to selection by considering these components in different indexes.

Methods {#Sec2}
=======

Animals and selection process {#Sec3}
-----------------------------

Animals used in this study belonged to a Duroc line that was founded in 1991 \[[@CR13]\]. In spite of temporal changes in the economic weights, live weight (W) and backfat thickness (BF) at off test (around 180 days of age) are the traits that had the highest weights in the selection index during the breeding trajectory of this population. Additional traits used for selection were intramuscular fat content, number of piglets born alive and number of functional teats. Recently, other traits associated with fat composition have also been included (*e.g.* oleic acid content).

Data and traits under study {#Sec4}
---------------------------
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                \begin{document}$${\text{FI}}$$\end{document}$ and production traits (W and BF) were recorded for 1076 animals from the aforementioned population during the fattening period at the Center of Porcine Evaluation, IRTA (Monells, Girona, Spain) over four experiments that were carried out from 2004. Table [1](#Tab1){ref-type="table"} shows the data distribution across experiments and batches of fattening. Animals were weighed and measured for BF (PIGLOG 105, SFK-Technology) between 4 and 11 times during the fattening period. Individual $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ records at different ages were predicted using an animal-nested three-coefficient Legendre polynomial function. Live body weight (BW) and BF records were interpolated to the first and last day of each week during the control period, using an animal-nested three-coefficient Legendre polynomial function. Finally, only records from 15 to 25 weeks of age for animals housed in pens with seven or more pen mates were kept for the analyses.Table 1Distribution of pig data on growth performance across trials and batchesTrialBatch 1Batch 2Batch 3Batch 41Month of birthSept-2003March-2004Oct-2004May-2005Number of animals88946858Range of age (days)96--18895--167102--17382--181Mean number of weights/animal6.55.95.66.42Month of birthSept-2006Oct-2007June-2008Number of animals10797106Range of age (days)69--18885--19062--174Mean number of weights/animal6.06.05.93Month of birthMay-2011Number of animals102Range of age (days)68--186Mean number of weights/animal44Month of birthJan-2012June-2012Dec-2012Number of animals115120121Range of age (days)72--17479--16575--160Mean number of weights/animal10.89.98.9

In our study, the period considered was between 105 and 182 days of age, during which cumulative $\documentclass[12pt]{minimal}
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Statistical analysis models {#Sec5}
---------------------------

Eight random regression models were fitted to weekly data. The simplest model corresponds to the classic model for $\documentclass[12pt]{minimal}
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The other seven models included the same systematic and random terms as Model [1](#Equ1){ref-type=""}, but differed in the animal-specific components as functions of individual $\documentclass[12pt]{minimal}
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The Bayesian analyses were performed using Markov chain Monte Carlo (MCMC) techniques. Four independent Gibbs sampling chains were run, which all had the same initial values for all variance components but different random seeds. Each chain elapsed for 1 million iterations. The first 100,000 iterations were discarded as the burn-in period and then one in each 100 samples was retained to perform the characterization of the marginal posterior distributions of the parameters of interest. All analyses were conducted using the gibbs2f90 program \[[@CR15]\]. The deviance information criterion (DIC; \[[@CR16]\]) was used to compare the models by assessing which model yielded a better fit to the available data, with a penalty for model complexity.

Simulation of the selection process to predict genetic responses {#Sec6}
----------------------------------------------------------------

The process to generate data was designed to resemble the structure of a small pig selection nucleus, formed by 120 sows and 30 boars, in which mating among close relatives was avoided. Sows were kept in production for six parities, although stochastic culling was performed in each batch, according to a Weibull survival function. Litter size at birth in each farrowing was sampled from a normal distribution with a mean of 9 and variance of 6. Mortality and culling rates during lactation and growing periods were jointly set to 0.2. For each animal finishing the growing period, $\documentclass[12pt]{minimal}
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Phenotypic records were generated for all offspring from all parities of all sows. However, genetic evaluation at each generation was conducted after the second parity, i.e. considering only animals that were born in the first two parities as selection candidates; animals from later parities contributed phenotypic information that was used for genetic evaluation in the next generation.
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Once the selection candidates were evaluated, the best 120 females were selected from the whole group of female candidates, while for males the best ranked animal within each sire family was selected. This selection procedure was repeated for three generations, and 50 replicates were run for each scenario. Predictions of breeding values for feed intake components were obtained using EM-REML, with variance components estimated for each generation and replicate. Genetic evaluation accuracy was computed as the correlation between actual and predicted genetic values for the different indexes.

Results {#Sec7}
=======

Table [2](#Tab2){ref-type="table"} presents descriptive statistics of the analysed traits by week of fattening. Means and standard deviations were within the range of values reported in the literature for other pig populations \[[@CR17]--[@CR19]\]. The average feed conversion ratio ($\documentclass[12pt]{minimal}
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Model comparisons {#Sec8}
-----------------

Table [3](#Tab3){ref-type="table"} shows the DIC values across chains for the eight models analysed. DIC results from Models [2](#Equ2){ref-type=""}, [3](#Equ3){ref-type=""} and [4 ](#Equ4){ref-type=""}can be used to qualitatively examine the magnitude of the individual variation in efficiency that is associated with each explanatory variable. The strongest effect, by far, was associated with feed allocated for $\documentclass[12pt]{minimal}
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Differences in DIC between Models [1](#Equ1){ref-type=""} to [4](#Equ4){ref-type=""} and Models [5](#Equ5){ref-type=""} to [7](#Equ7){ref-type=""} were larger than within-model variation across sampling chains. This indicates that Monte Carlo errors did not prevent models that fitted more than one biological component as random regression term (Models [5](#Equ5){ref-type=""}, [6](#Equ6){ref-type=""} and [7](#Equ7){ref-type=""}) to be declared preferable over those that fitted just one individual component of $\documentclass[12pt]{minimal}
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Parameter estimates {#Sec9}
-------------------
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Estimates of genetic parameters for Model [8](#Equ8){ref-type=""} evaluated at the means of the explanatory covariates (zero) are in Table [5](#Tab5){ref-type="table"}. Descriptive statistics of the marginal posterior distributions were obtained after merging samples from the five independent chains. Therefore, effective sample size was the sum of the corresponding values for each chain. The estimate of heritability (posterior mean (posterior sd)) for $\documentclass[12pt]{minimal}
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Expected responses to selection {#Sec10}
-------------------------------

Table [7](#Tab7){ref-type="table"} presents results of a simulated selection process that was conducted with different selection criteria. Selection intensity and the proportion of males and females selected in each scenario were relatively constant. Selection accuracy ranged from 0.44 to 0.61 for the different criteria, which indicates differences in genetic prediction quality. These differences, jointly with the differences in the values of the relevant genetic parameters (variances, heritabilities and correlations) for each selection criterion, result in the variation in selection responses reported in Table [8](#Tab8){ref-type="table"}.Table 7Average (standard deviation) across 50 replicates for selection intensity, proportion of male (M) and female (F) candidates selected, and accuracy for the evaluated scenariosScenarioIntensityProportion FProportion MAccuracy$\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ has been proposed as an alternative selection criterion and has been used in several selection experiments \[[@CR6], [@CR7]\], yielding favourable responses in $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FE}}$$\end{document}$ is its null phenotypic correlation with traits that define the animals' needs, i.e. backfat deposition, growth rate and maintenance needs.

Two major negative points are associated with the use of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ on metabolic weight, weight gain and backfat deposition for groups of animals, animals with poor performance can appear within the group of candidates, i.e. slow growing pigs with a low intake that would be considered as efficient and selected. If regression is nested within individuals, the corrections of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ are done for individual needs and the chances of selecting animals with a poor performance (with respect to the group) as efficient animals are reduced \[[@CR10]\].

On the other hand, it has been claimed that selection to reduce $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$, without distinguishing between different biological functions, might have negative consequences on some of these biological functions. A classical example would be that animals selected for $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ might reduce the amount of energy used for maintaining physiological functions and for coping with challenging situations, such as the occurrence of disease or poor diets. Fitting $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ by using models that include animal-specific nested regressions on $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FG}}$$\end{document}$ at the genetic level can be used to genetically alter the efficiency associated with one function but not another, provided they are not highly correlated. In addition, these models could be used to study the biological basis and the genes involved in each of the biological functions \[[@CR22]\].

Genetic parameters {#Sec13}
------------------

Recently, Martinsen et al. \[[@CR11]\] considered a similar approach to study the efficiency to deposit fat and lean meat in two Norwegian pig breeds. Their objective was to estimate variance components of the proposed model, without testing the relevance of each component. They observed that a full model that jointly accounted for animal-specific variation in feed requirements per unit of metabolic weight, lean growth, and backfat thickness did not converge properly. Our Gibbs sampler chains converged in all the models studied, even in the most complete model. However, the chain quality dropped as the complexity of the model increased. Martinsen et al. \[[@CR11]\] used explanatory variables that were quite different to those in our study. In addition, they did not fit regressions on metabolic body weight, resulting in their findings to be not fully comparable with ours. Nevertheless, it should be noted that the sign of their genetic correlations estimates of the intercept with feed requirements for lean meat growth and fat growth coincide with those that we obtained between intercept and feed requirements for overall growth and backfat deposition. However, Martinsen et al. \[[@CR11]\] reported a nearly null correlation between feed requirements for lean meat and fat content, while we observed a clearly favourable correlation between feed requirements for overall growth and backfat deposition. These differences could be explained by the negative correlations that we observed between the use of feed for maintenance and the other $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ and the use of feed for growth and fat deposition).

Our estimates of genetic correlations that involve $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ (Table [5](#Tab5){ref-type="table"}) mean that animals that have favourable genetic effects for efficiency with respect to unspecific factors (intercepts) will require more feed to maintain an extra unit of metabolic weight. In other studies that fitted similar models \[[@CR9], [@CR10]\] random intercepts were not considered, or at least not their genetic component. Thus, these results are also not directly comparable to ours.

Previous experimental results have shown that the positive response that is achieved for efficiency based on selection for reduced $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ is a consequence of both better use of feed to cope with maintenance needs \[[@CR23], [@CR24]\] and a reduction of other functions that influence efficiency, for example physical activity \[[@CR23], [@CR25]\]. However, none of these two experiments reported a better efficiency in protein or fat deposition after selection. For these results to be fully explained by our complete model (Model [8](#Equ8){ref-type=""}), the genetic correlation between intercepts and feed per unit of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FG}}$$\end{document}$ would have to be null, similar to those between feed per unit of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{MW}}$$\end{document}$ and feed per unit of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{WG}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{FG}}$$\end{document}$. However, we obtained different genetic correlations in our Duroc population but it must be noted that the genetic origins of the Duroc line and of those used in the aforementioned experiments are completely different and thus differences in the genetic control of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{FE}}$$\end{document}$ components can be expected.

To our knowledge, there is no literature on the further biological assessment of selection to improve $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FE}}$$\end{document}$ in pigs. Similar results have been reported in layers \[[@CR26]\] and beef cattle \[[@CR27]\]. However, another study in beef cattle did not detect differences in maintenance needs between lines with divergent $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ \[[@CR28]\]. Other factors that may explain differences in efficiency resulting from selection for $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ are related to digestibility \[[@CR29]\]. In our study, this factor was not explicitly fitted but its effect could be considered through the random intercept in the model. Unfortunately, the lack of experimental results on our population did not allow us to carry out a direct biological validation of the proposed model.

Expected responses to selection {#Sec14}
-------------------------------

To complete the discussion on expected responses in the components of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$, both the proportion of individual $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ variability that is explained by each component and their heritabilities should be considered, in addition to the genetic correlations previously discussed. To implicitly account for all these parameters, we conducted several simulation tests. Although the data were generated using Model [8](#Equ8){ref-type=""}, selection for traditional $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{I}}}_{\text{tRFI}}$$\end{document}$) yielded similar results (in terms of reductions in $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{I}}}_{\text{RFI}}$$\end{document}$). These similar results are due to the fact that random intercepts, which correspond to unspecific use of feed, account for most of the variation in $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ components, a reduction in the amount of feed used for growth was found when selection was either on $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{I}}}_{\text{tRFI}} .$$\end{document}$ These correlated responses are implicitly considered in the response for total $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ (− 113.83 and − 111.08). However, if the selection index, also included EBV for growth, in addition to EBV for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{RFI}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{FI}}$$\end{document}$ would be further reduced per each g of improved daily growth, i.e. the progress in growth will be achieved at lower feed cost. Taking advantage of this extra reduction in $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ per unit of growth, and growth are favourable. Note however that by this procedure the animals would become less efficient in maintaining body structure, thus if selection for growth increases the metabolic weight of the animals, part of the aforementioned extra gain in feed efficiency would be counterbalanced by the unfavourable response on efficiency for maintenance.

When selection aims at reducing the amount of feed devoted to growth ($\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\hat{\mathbf{I}}}_{{{\text{FI}}/{\text{FG}}}}$$\end{document}$), successful direct responses were achieved, and correlated responses on overall $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ were also obtained, but in this case the magnitude of this response would be less than half that achieved when the selection criteria are either $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{I}}}_{\text{tRFI}} .$$\end{document}$ This correlated response became unfavourable when the selection criterion was feed devoted to maintenance ($\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{I}}}_{{{\text{FI}}/{\text{MW}}}} ).$$\end{document}$ Thus, when the objective is to improve overall feed efficiency, the focus should be on random intercepts (residual intake).

Responses in terms of reductions in $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$ in real selection experiments for RFI were much lower than those found in our study. For example, Sellier et al. \[[@CR30]\] reported a reduction in $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$. Our responses were 5 to 6 times higher, but there are major differences with regard to the number of animals with records and selection intensities between our simulation design and those applied in real selection trials. In spite of these differences, the simulation study is useful for comparing alternate selection criteria.

The proposed models have limitations that need to be considered. These points are relevant for both the traditional $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{RFI}}$$\end{document}$ definition and for the new definitions that we explored here. One of these points is that genetic correlations of the independent traits, i.e. performance traits reflecting animal's needs, with the components of the trait of interest (random intercepts or regressions) are assumed to be zero. This was previously addressed in the framework of traditional $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ \[[@CR21]\]. The consequences of not considering such correlations are that selection for $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ can lead to correlated responses in the explanatory traits (back fat thickness or growth) \[[@CR7]\]. Structural equation models (SEM; \[[@CR31]\]) could offer the framework to account for these correlations. Nevertheless, the implementation of SEM supposes the use of multivariate models with a very large number of parameters, which will not be properly estimated when the number of records is limited.

The other point to consider is how well the explanatory variables reflect the intended biological functions. This is particularly true for metabolic weight as a trait that accounts for maintenance needs. Given the information that is available in most breeding programs, it is not possible to propose alternative traits to reflect maintenance needs. Thus, an important activity for the future will be to explore alternative easy-to-measure traits that better reflect the maintenance needs of animals. In the work by Martinsen et al. \[[@CR11]\] computed tomography records were used to properly assess body composition. These computed tomography records could be highly relevant to explore the role of these records as predictors of experimentally-recorded maintenance needs.

The final point that needs to be considered is that Model [8](#Equ8){ref-type=""} involves a larger number of parameters than the traditional definition of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$. This implies that the parameters will be estimated with lower accuracy, which may have negative consequences in the final response to selection. In our simulation test, we generated large datasets (approx. 1500 feed intake records per generation, including on all candidates, both males and females), such that model parameters could be properly estimated. Having fewer records per generation would reduce the slight superiority of Model [8](#Equ8){ref-type=""} over the traditional definition of $\documentclass[12pt]{minimal}
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Conclusions {#Sec15}
===========

Animal-specific needs should be included in models for genetic evaluation of feed efficiency. The model that accounts for animal-specific feed requirements per unit of growth, backfat thickness gain and metabolic body weight needs was statistically superior to the traditional $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$ model, which considers population-specific needs for these components. However, response in overall efficiency was only slightly greater when a model with animal-specific needs was used, which is because individual variation in the components of feed efficiency represents only about one third of the variation in the individual's $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FI}}$$\end{document}$. Part of this slightly higher response in feed efficiency was obtained because the improved animals were more efficient in the use of feed for growth, which could be highly valuable if the overall selection index includes EBV for growth, in addition to EBV for $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RFI}}$$\end{document}$. Selecting animals for the efficiency associated with specific biological functions would be possible with the proposed model fitting the genetic components of animal-specific needs. Nevertheless, genetic parameters should be properly estimated because large estimation errors would likely reduce the effectiveness of the proposed selection criteria.
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